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AN INITIAL STUDY OF THE INJECTION OF
AN INTENSE RELATIVISTIC ELECTRON BEAM

INTO THE ATMOSPHERE

I. INTRODUCTION

The interaction of intense relativistic electron beams (REBs) with gases has been the subject of

numerous theoretical and experimental studies.1- 6 Most of these efforts have concerned gases at pres-

sures considerably below atmospheric. The applications of such work include plasma heating, 6'7 collec-

tive ion acceleration 8 and the study of instabilities of REBs' as they propagate through gaseous media.

Relatively few experiments have been done at pressures near atmospheric even though such stu-

dies have application in a number of important areas of research including electron beam sustained

lasers, 9 inertial confinement fusion t and particle beam weapons." This has occurred partially because

the analysis and diagnosis of intense beams interacting with high pressure gases are complex and

difficult.

We have performed experiments which examine the interaction of an intense REB with air at

atmospheric pressure. 12 A typical beam with net current -- 35 kAmp and energy -2 MV, propagated

through the atmosphere showing marked betatron oscillations and becoming unstable within a few beta-

tron wavelengths.1.2 However, within this distance measurements were made of the x-ray

• Bremsstrahlung from the beam electrons, of the induced visible emissions from the air molecules, and

of the beam current distribution. By selecting a fraction of the total beam current (- 10%) using a car-

bon aperture, a pinched-matched beaml) was produced. This beam propagated stably in the atmosphere

showing only Nordsieck expansion.' 4

Manuscript submitted December 18. 1980.
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II. APPARATUS

I-i. The VEBA Generator and Diode Assembly.

The relativistic electron beam was produced using the NRL VEBA (Versatile Electron Beam

Accelerator)"5 with the pulse generator operated in the short pulse (FWHM-60 ns) mode. The

accelerator consists of a 1.9 MV Marx generator, water Blumlein, and a tapered transmission line (20 £1

output impedance). The transmission line was terminated with a cold cathode diode as illustrated in

Fig. 1. Depending on the matching of the diode to the transmission line impedance, the peak voltage

appearing across the diode varied from -0.75 to -3 MV with the current in the diode varying

correspondingly. The optimum diode configuration (Fig. 1) consisted of an annular brass cathode with

outside diameter 20 mm and a titanium foil anode. The anodes used were annealed foils of thicknesses

1, 1.7, and 3 mils. The foils were attached to the end of VEBA with a vacuum-flange foil stretcher and

had an exposed diameter of 10 cm. With the diode evacuated the foils bowed inward approximately 5

mm leaving an anode-cathode gap of 15 mm.

To achieve reproducible operation of the diode at -40 fil impedance i.e. in the cold cathode

mode and to ensure significant electron beam extraction from the diode it was necessary to use a 28

mm lucite prepulse suppression switch in series with the diode (Fig. 1) and to operate at base pressures

< 3 x 10- 5 Torr. In addition the cathode had to be cleaned and sprayed with Aerodag graphite every

few shots. The annular cathode allowed much higher currents than a hemispherical cathode of the

same outside diameter. If there were sharp edges on the cathode, if the prepulse suppressor failed

(usually for want of cleaning), or if the gas pressure was too high, premature plasma production in the

diode allowed very high diode currents, very poor beam extraction through the anode foil, and usually

ignited the anode foil (Fig. 2).

On all diode shots the voltage (V O) appearing across the diode was recorded with a resistive

divider on the cathode stalk, and the current in the diode (QD) was recorded with a A probe placed in

the side wall of the diode chamber (Fig. 3). A second resistive divider was used to measure the voltage

on the Marx generator.

2
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l-il. Electron Beam Injection Configurations

The intense relativistic electron beam (REB) emerging through the titanium, anode foil was stu-

died in three separate "air-side" configurations:

(1) The REB was stopped after propagating 20 cm through the air by a Faraday cup (Fig. 3). A

current return path was provided in the form of a coaxial copper screen with diameter 15 cm. Without

the low inductance current return path the Faraday cup (or any other "probe" placed in the beam) can

reach very high voltages, sometimes sufficient to cause air breakdown (Fig. 4), and the would-be meas-

urements become meaningless.

(2) To approximate "freely" propagating electron beams, the REB was injected into the open

laboratory or into a large box (width -60 cm, height -150 cm, and length -- 200 cm) that was covered

with copper screen and grounded to the VEBA generator around the anode assembly.

(3) By placing a carbon block, -I cm thick by I I cm diameter with a I cm diameter hole at its

center, directly in front of the anode foil stretcher and grounding the block coaxially to the foil

stretcher, most of the REB was stopped in the carbon block. The fraction of the beam that emerged

through the hole in the carbon block was dependent on the separation of the block from the anode foil.

When this distance was set at -4 cm, -10% of the total beam current passed through the aperture in

the carbon block.

In each of these configurations the net current in the REB was measured with Rogowski coils

and/or the Faraday cup. The different devices were calibrated using the Faraday cup in the place of the

anode foil, and short-circuiting the cathode directly to the collector of the Faraday cup. The Rogowski

coils which are both 14 cm in diameter were placed around the cathode shank. In this situation the

agreement between the four current monitors (the A-loop measuring 10, two Rogowski coils, and the

* Faraday cup) was within * 5%.

3
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Il1. RESULTS AND ANALYSIS

III-i. Measuremiet of the Current Distribution at the Anode Foil

Because of the difficulty of making measurements inside these high voltage diodes only a crude

estimate of the current distribution was obtained. The low background gas pressure (< 3 x I0- Torr)

inside the diode and the effectiveness of the prepulse suppressor ensured that the current initially meas-

ured by the A probe inside the diode (ID) was essentially all beam current, i.e., there was negligible

plasma current inside the diode. However, all the current leaving the cathode does not necessarily pass

through the anode foil. To measure the beam current passing through the 10 cm diameter aperture of

the anode foil a Rogowski coil was placed against the foil stretcher (position I in Fig. 3) as described in

§ lll-ii. In that configuration, the Rogowski coil measured the same current as the diode monitor,

inc - ID, for t < 70 ns, indicating that all the diode current passed through the anode foil.

Next, the Faraday cup was connected directly to VEBA so that the cup's carbon collecting block

became the anode of the diode. [This was the same position as for calibrating the Faraday cup except

that the diode was not shorted.] With the same anode-cathode gap the average current ratio I (pek)
ID (peak)

was 0.65 * 0.05. The diameter of the carbon collecting block in the Faraday cup was 8.9 cm, thus if

the current density at the anode foil were uniform over the 10 cm foil diameter, the fraction of the

current collected by the Faraday cup would be

IFc(peak)

This suggests that -35% of the current flowed in an annulus of radius 4.5 < r < 5 cm.

From a comparison of Figs. 5 and 7, it is clear that using the Faraday cup in place of the titanium

anode foil caused larger currents to flow in the diode and held down the diode voltage towards the end

of the pulse. This may have been due to a small decrease in the anode-cathode gap or to the difference

between titanium and carbon as anode materials. [The collector of the Faraday cup was a block of gra-

phitic carbon.]

4
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Some time integrated evidence suggests that the current flowing through the central region of the

anode foil is pinched. For instance on many shots damage to the anode foil consisted of a small hole

(--3 mm diameter) approximately in the center of the foil. Yet the time averaged beam current pro-

pagating through the anode foil is clearly not pinched at the foil but pinches -3 cm outside the anode

foil (see Figs. 6 and 10). [In all cases the loss of beam current due to scattering in the foil was negligi-

ble.]

From this fragmentary evidence of what is happening inside the diode we can only conclude that

the current distribution at the anode foil is not uniform nor approximately a Bennett distribution, but

rather there is a substantial current (-35%) flowing in an outer annulus (r - 4.5 cm) and of the

remaining current (-65%) the current density probably peaks on axis though the beam is not pinched

at the anode foil.

II1-ii. Electron Beam Propagation Inside a Conducting Tube

In an effort to measure the net current distribution within the range of pseudo-stable propagation

(Fig. 10, z 4 30 cm) the REB was intercepted after propagating a distance of 20 cm with a Faraday cup

(§II1-ii and Fig. 3). Typical current and voltage traces for propagation in the presence of the copper

screen current return path are shown in Fig. 7. Clearly all three current monitors indicate currents that

rise with the diode voltage and reach peak values simultaneously. However both the Faraday cup

current, lFC, and the Rogowski coil current, iRcd, fall with the voltage while the diode current, ID, per-

sists. Since this current in the tail of ID flows at very low diode impedance it must be plasma current

inside the diode. At the same time, up to the peak of ID the ratio

litc - 1.00 ± 0.05;

thus, as indicated in §l-i. IRc measures the beam current,

IRIcle 1...

'At

I . .. . . . .. Ii .. . . . .. . I l . . . . . . . .. . . . . .. . - .. . . . . . " . . .. . .. . .. . ... . . . . . . . . . . .. . '. .. . .i ,, . . .. . . . . .
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Such a relationship means that the impedance of the return current path through the coaxial copper

screen is small compared to the impedance of the current return path through the beam generated air-

plasma.

Open shutter photographs (Fig. 6) taken in visible light show the REB collapsing and expanding

as it propagates inside the return screen with approximately the same betatron wavelength as the freely

propagating electron beam (§III.iii).

A series of carbon apertures was placed over the FC to measure the beam current density at posi-

tion 2. The currents measured by the Rogowski coil and Faraday cup are shown in Fig. 8. The current

pulse shortens with decreasing aperture diameter indicating that the REB either expands later in the

current pulse or is deflected from the axis. A plot of the current density distributions for two different

times, t - 70 ns (time of peak current) and t - 30 ns (time of peak current density), along with a Ben-

nett distribution with radius a - 1.4 cm is given in Fig. 9. Clearly the distribution at position 2 is

changing rapidly with time and is not a Bennett distribution. At the same time the current measured by

the Faraday cup with the largest aperture (diameter - 8.9cm) was such that

IFc (Peak)/l lc(peak) - 0.5,

suggesting once again that a substantial fraction of the beam current flows in an annulus with radius >

4.5 cm.

IIl-ll. Freely Propagating Electron Beams

Freely propagating electron beams were studied in the open laboratory or in a large box covered

with copper screen (§11-). There was no obvious difference between these two situations as far as

beam propagation and dynamics were concerned. However, the presence of the copper screen

significantly reduced the electromagnetic pulse (EMP) generated by injecting the beam into the atmo-

sphere. No attempt was made to characterize this EMP. but the following diagnostics were used to

6



NRL MEMORANDUM REPORT 4405

examine the interaction of the beam with the atmosphere: visible and x-ray photography, time

integrated and time resolved spectroscopy, thermoluminescent x-ray detectors (TLDs), and Schlieren

photography.

The freely propagating electron beam produced a luminous region in the atmosphere which could

be photographed (Fig. 10). The most intensely luminous region was contained within a radius of -2

cm over an axial extent of 20 to 30 cm. But even within this axial distance, light was emitted out to

radii of at least 7 cm. Beyond this axial range the beam appeared to become unstable and to be

deflected in different directions. No attempt was made to maximize the stable propagation range since

the purpose of the experiment-to diagnose the beam and air channel-was readily accomplished in the

20-30 cm range.

The x-ray photograph (Fig. 11) as well as the higher contrast black and white photographs show

the same periodic structure seen in Figs. 6 and 10. Intense spots of visible and x-ray light occur a few

centimeters beyond the anode and repeat every - 6 cm to a range of 15-20 cm in the axial direction.

The x-ray photograph also shows that the most intense x-ray emission is confined to a diameter of a

few centimeters in agreement with the visible light photographs.

Two Rogowski coils (§I-ii) were used to measure the net current at 1, 6.5 and 15 cm axial dis-

tance (z) from the anode foil. These coils indicated a ratio IRc(peak)/D (peak) - 0.78 t 0.05 for all

distances. No significant differences were nbserved when either 0.0017" or 0.001" thick foils were used.

Examples of the Rogowski coil currents at z - 0 and z - 15 cm are given in Fig. 12.

We note that for the freely propagating REB the net current measured by the two Rogowski coils

no longer rises or falls with the diode voltage as it did in the presence of the copper screen (§11-ii).
* dl

This difference we believe is due to plasma currents driven by the beam induced voltage, L-., where L

is the inductance of the REB propagating in the atmosphere and I is the net current.

7
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A Schlieren system illuminated by a Korad ruby laser (pulse length -25 ns) was set up to

observe the expanding air channel formed by the passage of the freely propagating electron beam in the

range z - 3-16 cm from the anode foil. [Part of the system and the beam path (enhanced for photo-

graphic purposes) are visible in Fig. 2.] Schlieren photographs of the channel were taken at 3, 8, 30 and

100 js after passage of the REB. No sharp density gradients were visible which could be identified with

the channel. (The minimum detectable gradient for the 'system is 1020 cm-3/cm.) At 100 As however,

a shocK front was seen propagating outward with an average velocity of < 1.6 x 104 cm/sec. The lack

of an observable density gradient produced by beam induced heating of the air indicates that the time

averaged radial distribution of beam current density did not have a sharp gradient.

The emission from the electron beam heated air channel was recorded with a Spex 0.75 m

spectrograph/monochromator. Time integrated visible spectra were obtained by the accumulation of

light from four shots, since the output for one shot was too weak (Polaroid Film with ASA 3000 was

used). The spectrograph slit was focused on a vertical cross-section of the channel 7.5 cm from the

anode. Spectra were recorded in the wavelength range 2000 to 6000 A. The observed spectrum with

identification is shown in Fig. 13. No emissions were observed above 4400 A, and only emissions from

N2 and N were observed. The identified spectrum includes all the strong bands in the spectra of N2

and N2" in this region. 16

Two of the observed bands, N2 2 P (0-0) at X - 3371 A and N'" I N (0-0) at X - 3914 A were

time resolved using a IP28 photomultiplier attached to the exit slit of the monochromator. For this

measurement the photomultiplier had to be completely shielded in a I inch thick lead housing to stop

the scattered x-radiation with additional lead shielding to stop the direct x-radiation. Light input to the

photomultiplier was reflected from a small mirror inside the housing. Figure 14 shows a comparison of

a typical diode current (Io) and photomultiplier currents for (a) N2 2P (0-0) and (b) N2" IN (0-0).

The photomultiplier currents have a smoother and flatter time variation than ID and cutoff following

the diode voltage (dotted line on ID trace). All currents reach their maximum value at about 50 ns.

8
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To obtain absolute intensities of these two bands the monochromator/photomultiplier system was cali-

brated using a calibrated tungsten lamp. 17 The measured emitted powers per unit length of beam path

in the atmosphere, P, were

P(N2 2P(0-0)} - 104 watts/cm

and

P{N 2 " IN(0-0)}-- 1.5 x 103 watts/cm,
and the uncertainty on these numbers was x 2 .

Calibrated thermoluminescent chips (I x - x ± inches) of CaF 2 were used to measure the x-

8 8 32

ray dose produced by the beam. The chips were placed directly within the pinhole of the x-ray pinhole

camera approximately 75 cm from the REB axis. In this configuration the field of view along the beam

axis was -19 cm. The dose measured was -25 mR and was well above the minimum detectable sig-

nal. Unfortunately no energy selecting filters were used with these detectors so that although they are

linear devices"8 in the range 100 keV to 10 MeV, the large, non-linear response below 100 keV

prevented the interpretation of this signal as energy deposited by the REB in the atmosphere.

III-lv. Selecting a Pinched-Matched Beam

Although the freely propagating beam described in §III-iii was adequate for the preliminary studies

planned in these experiments it was clearly so unstable that it could not be used in some of the more

detailed beam propagation experiments planned for the future. Therefore techniques were examined

that would allow us to produce a pinched, matched beam"3 from the simple pulse generator/diode com-

bination. This was achieved by placing a carbon aperture stop in front of the diode (Jll-ii). Varying the

distance between the carbon block and the anode foil adjusted the beam current coming through the 1

cm diameter hole in the carbon block. With the carbon block -7 cm from the anode foil so much

current came through the I cm aperture that the beam was still unstable. But with the carbon block

-4 cm from the anode foil < 10% of the diode current came through the aperture and produced a

pseudo-stable, pinched, matched beam (Fig. IS). After emerging from the aperture the beam

!9
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expanded rapidly to reach Bennett equilibrium at a diameter of 3-4 cm. Thereafter the beam pro-

pagaled through the atmosphere showing Nordsieck-like expansion and reaching a diameter of -- 12 cm

at a range of -90 cm.

Time integrated spectra of the pinched, matched beam were identical to that in Fig. 13.

The net current in the pinched, matched beam was measured with a Rogowski coil placed next to

the carbon block. This current and the comparison diode voltage and current are shown in Fig. 16. We

notice that the current pulse coming through the aperture in the carbon block is shorter than the diode

current pulse as it was with the Faraday cup measurements in §11-ii.

IV. DISCUSSION

From the measurements of the current flowing when the REB was propagating inside a conducting

tube (§lll-ii) we conclude that the current in the REB. 1b, was equal to the current measured in the

diode, ID, up to the peak of the diode voltage, i.e. for about the first 70 nsec. Thereafter the current in

the REB fell with the diode voltage as seen by the Rogowski coil. Thus we can approximate the beam

current by three successive linear variations as shown in Fig. 17. Both at the anode foil (§IIl-i) and 20

cm from the anode (§111-ii) there appeared to be '.;o separate components to the REB. A central com-

ponent containing -65% of the total current was seen expanding and contracting at its betatron

wavelength of -- 12 cm. Assuming a uniform current distribution and approximately constant voltage

of 2 MV this corresponds to a beam radius of rb - I cm which compares favorably to the measured

radius of the central component, rb - 1.4 cm, at a distance of 20 cm from the anode foil. The outer

component of the beam current was injected into the atmosphere with an outer radius of -5 cm, the

radius of the anode foil. But this component saw the magnetic field from the total net current, Iy, with

peak value -35 kA. Therefore for it XA - 50 cm which was too long to be observed.

The fact that the central component of the REB was seen to oscillate at its betatron wavelength

means that at injection the beam temperature (kT - Lmv2) was much less than the Bennett tempera-
2

ture"9 for the beam. Ts, where

10
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kT, reor k 2c
or

kT, - 14 IN(amps) eV.

But at injection the beam temperature is dominated by the effects of scattering in the anode foil2 and

4w noz',, 1,92___ 1kTric In Z 1

where t is the foil thickness in cm. For titanium kTfoj, - 9.3 x 107 - eV and we see that even forYV

the thickest foil used (3 mil) the beam temperature at injection was small compared to the Bennett

temperature. Therefore, as noted (§II-iii), the different foil thicknesses that were used had no notice-

able effect on the freely propagating electron beam. As the REB propagated through the atmosphere,

scattering from air molecules increased the beam temperature, but to reach the Bennett temperature the

beam would have to have propagated -80 cm and this appears to have been prevented by the growth

of instabilities. The apparent break-up of the freely propagating beam at a range of 2 to 3 ?B is con-

sistent with the predictions of Lee 2 for the growth of the resistive hose instability. However, such

detailed interpretation of time integrated photographs may be erroneous.

To model the REB propagating freely through the atmosphere we use the simple circuit shown in

Fig. 18. We represent the generator as a current source for the beam current 1b, the air plasma as a

resistance R, through which the return current 4, flows, and all other return current paths by the induc-

tance L. through which the rest of the return current 1w flows. Then the net current 'N which is given

by

'Nv -b -

is equal to the current in the inductance 4,. The resistance of the air plasma R, was calculated using

the air chemistry code, CHMAIR 21 : (Note that the circuit behaviour depends only on the resistance

and inductance per unit path length, so the length of the plasma column is not important.) The induc-

tance Lw was calculated using an average beam radius and a guessed return current radius. Fortunately
t

~th. inductance is very insensitive to these radii except in the case of propagation inside the conductin8it11
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tube where experimentally wL, << R, where o - 4 x 10 set-', is the characteristic frequency associ-

ated with the beam pulse. Taking the average radius of the central component of the beam current as

-1 cm, and assuming that all current returns to the generator within an outer radius of 45 cm, which is

governed by the copper screened enclosure, we calculate the net current, ,v, flowing along the beam

path as shown in Fig. 17. Though the current calculated from the model does not show the detailed

structure of the measured net current the general characteristics of a reduced rate of rise, delayed and

reduced peak value, and a lengthened current pulse are all present. Much more detailed modeling22

could be used but is not practicable with the limited data available. The air chemistry code CHMAIR

was also used to follow the electron density along the beam axis, n, (r), the electron temperature,

Te(t), and the gas kinetic temperature, T(W. These are shown in Fig. 19. After 200 ns changes occur

slowly; at 1 gs, T, - T, - 0.32 eV and T - 0.1 eV where T' is the vibrational temperature of N 2.

CHMAIR has no hydrodynamics which is a good approximation during the beam pulse, but for times

greater than a few microseconds gas dynamic effects should be taken into account. No direct measure-

ments of n, or T, were made but in as much as the circuit model predicted the net current within

t 30% over the total beam pulse the calculated values of n, and T, must be of similar accuracy since

they were used to calculate R. Note that in Fig. 17, i,v was calculated with and without the complex

molecular ion N4+ in the code but this species has little effect on the net current in the circuit.

Using a steady state relation and neglecting excitation and deexcitation caused by secondary elec-

trons the population of any excited state molecule in the air plasma can be written as

n*(t) m-~ t
q +A

where J(t) is the beam current density, 71 is the efficiency of excitation by beam electrons for a given

upper state, and q and A are the quenching and the spontaneous decay rates for that excited state.

Excitation efficiencies and quenching rates have been determined for a number of excited states that

are pertinent to the calculation of the emission from air plasmas.23 The intensity emitted in a given

molecular band is then

S() - n*(t) A hv

12
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where v is the emission frequency.

Integrating over the current distribution, the intensity emitted per unit length of beam path is

P) - lb(t) 71 Ahv
q +A

For N2 2P (0-0)

dE

PI(t) - 1.6 x 10- 5 - Ib(t) watts/cm

and for N" IN(0-0)

dEP2t - 5.7 x 10-6 .
- Ib(t) watts/cma

where lb(t) is the beam current in amperes and dE/dx is rate of loss of energy for the beam electrons

in eV/cm. These equations are consistent with the measurements of Davidson and O'Neil24 and predict

a ratio of intensities of these two bands of

PI(t)
P20t)

At the maximum beam current of -40 kA the predicted intensities for these two bands are

P1 (40) - 1.5 x 103 watts/cm

and

P2(40) - 0.5 x 103 watts/cm.

Given that the measured intensities are only accurate to within a factor of -2, the measured intensity

of N2' IN (0-0) agrees with the calculated intensity within experimental error but the measured inten-

sity of N 2 2P (0-0) is -x 6 larger than the calculated value. In more accurate measurements using a

Febetron electron beam source at -600 kV, Hill found that the intensity of N 2 2P (0-0) was -x 3

higher than calculated and has postulated that this is caused by population of the N2(C)-state through

the formation of N41 as

N+ + 2N 2 - N4" + N2

and

N4- + e - N2 + N2(C).

13
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[We note that if all the Nj" recombined to form N2(C) states, the emitted power within the 2P (0-0)

band would be approximately 100 times largei than estimated from efficiency calculations.] Within

experimental accuracy, our measurements are consistent with Hill's findings. However there are a

number of other factors that could influence the intensities emitted from the electron beam excited air

plasma. First, the calculations above assumed that the air plasma was optically thin and this may not be

true especially for N" IN (0-0). Most of the intensity in the P-branch of this band comes in a narrow

spike at X 3914 A and at this wavelength the plasma could be optically thick. Second, because of the

very non-thermal excitation there is a strong possibility that population inversions will exist among the

N2 excited states. Particularly the higher intensity of 2P (0-0) is attributed by one of us (AWA) as

due to stimulated emission and other mechanisms such as

N2(A) + N2(A) - N2 + N2(C).

Both effects are difficult to estimate because of the uncertain current distribution, the unknown

bandwidth of the emission, and the uncertainty in the excited state populations. However, we suspect

that both are significant and the present agreement between measured and calculated emissions for N+2

IN (0-0) may be coincidence. More detailed analysis of this problem will be forthcoming through

quantitative experimental measurements of ne and T1, and through utilization of our multispecies

emission code which accounts for the excited state generation by a detailed calculation of the secondary

electron distribution.
26

Although we were able to photograph the freely propagating electron beam in x-radiation and

obtained a signal well above the noise level (x 10) on the unfiltered thermoluminescent detectors (§

IJI-iil). it seems doubtful that quantitative measurements can be made with the TLDs (see Appendix).

If a Altered TLD looking at radiation above 100 keV were able to see the same 19 cm of the beam path,

the estimated signal due to x-ray emission perpendicular to the beam would be only - 1/30 of the sig-

nal observed in 1IlI-iii which would give a signal to noise ratio of -1.

For REDs with little or no induced plasma return current, a pinched, matched beam readily forms

if the RED is injected into the atmosphere at or just above the Bennett temperature.3 Thus using the

14
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1.7 mil titanium foil and injecting at a radius of 0.5 cm we have

kTril - 8 x 104 eV

and for a matched beam

1N - 5.7 kA.

Then

X# - 24 rb.

Since the betatron frequency

-p kT

where el, is the energy loss rate due to gas scattering, the beam follows a Nordsieck-like expansion as it

propagates through the atmosphere as observed in §IIJ-iv.

V. CONCLUSIONS

This has been a preliminary experiment to study the injection of intense relativistic electron

beams into the atmosphere. Using a simple cold-cathode diode, an REB with v/y - 0.5 has been

extracted and injected into the atmosphere. Although this beam was unstable, apparently to the resis-

tive hose instability, observations were possible over a beam path length of almost 30 cm.

Approximately 65% of the beam current was contained within a radius < 1.5 cm to form a central

component of the REB with peak current density of -3 kA/cm2. At injection the REB was cold and

particle motion was dominated by the effect of the self magnetic field. Thus, coherent betatron oscilla-

tion was observed until phase mixing due to scattering destroyed the coherence. When the REB with

net current -35 kA propagated freely in the atmosphere, the return current flowing through the beam

produced air plasma was -=20% of the beam current. Comparison of this measured current with that

calculated using our air chemistry code and a simple circuit model for the propagating beam, showed

good qualitative agreement.

The interaction of the REB with the air molecules in the atmosphere produced both visible light

and x-radiation at sufficient intensities to allow photographic recording. The visible emissions belonged

6s
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to the spectra of N2 and N21' but it is not clear that the intensities emitted were controlled by simple

beam induced fluorescence. Much more complicated phenomena, ineluding cascading chemical reac-

tions and superradiance, may have been occurring.

Finally a simple technique using a carbon aperture has been devised for selecting a fraction of the

beam current that is more suitable for propagation studies.
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Appemdz

BREMSSTRAHLUNG PRODUCTION BY AN REB IN THE

ATMOSPHERE AND ITS DETECTION WITH A TLD.

To make measurements using the thermoluminescent detector (TLD) the TLD was placed in the

"pinhole" of the x-ray pinhole camera on the inside of the camera. In this position the "pinhole," which

was drilled in a block of lead -2 inches thick, defined a field of view for the TLD which included -19

inches of the path of the REB.

Given normal density air and the beam current profile, and using the differential radiation cross

section from Jackson, 7 we can calculate the Bremsstrahlung radiation emitted per unit length of beam

path as a function of the angle between the emitted photons and the beam, 0, and the beam energy, y.

For a relativistic electron beam the bremsstrahlung emission is peaked in the forward direction with the

half angle for the emission pattern being given by

I
41 /2 V

and the ratio of emitted intensity in the forward direction (4 - 0) to that in the perpendicular direction

(4 v / #2) being

A0- 0) 4
(. - r/2) - V

The energy incident on the TLD depends on 4, on the solid angle subtended by the TLD at the

beam, Afn, and on the transmission of the atmosphere, exp (-is irr), where s., is the absorption

coefficient and r is the distance from the TLD to the beam. The energy absorbed by the TLD varies as

(1 - exp (-TLO " d)) where I/TLO is the absorption coefficient of the detector material and d is its

thickness. Curves for then variations are shown in Fig. 20 for r - 75 cm and d - 1/32 inch. Convo-

lution of the bremsstrahlung emission from the REB at - r/2 with the air transmission curve and

17
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the TLD absorption curve followed by integration over all x-ray energies and over the beam pulse

would give the net signal anticipated from the TLD. Unfortunately this integration is not simple and

depends critically on the air cut-off value at low x-ray energies (- 10 keV). Therefore interpretation of

the measured signal (--25 mR) in terms of the total beam flux (flb( ) dt) is not possible. However

for x-ray energies above 100 keV the TLD response is almost constant; then the convolution and

integration are both feasible and insensitive to the cut-off value. Thus, signals measured on a TLD

with a filter that absorbed all radiation with energy less than 100 keV would be interpretable. For the

35 kA, -2 MV beam used in these experiments the signal anticipated on the TLD (100 keV

Ephoton 4 1 MeV) would be -0.78 mR and this would be less than the typical background signal (-1

to 2 mR).
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Figure 1 - The diode configuration
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DIODE CURRENT>PROBE
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VOLTAGE
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Figure 3 - Diode and beam diagnostics in the configuration
using a current return screen.
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Figure 5 - Diode current and voltage characteristics with the Faraday cup
as the anode. VD is the diode voltage measured on the voltage monitor,
'FC is the current measured on the Faraday cup, and ID is the current
measured on the diode current monitor.
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a b c d

6 cm
Figure 6 - An open shutter photograph of the electron beam propagating
within the coaxial, current return screen. (a) is the anode foil, (b) is the
Rogowski coil at position 1, (c) is the current return screen, (d) is the
Faraday cup, and (e) is the electron beam showing betatron oscillations.
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Figure 7 - Electrical parameters for an electron beam propagating
within the coaxial current return screen. 'FC is the current measured
on the Faraday cup, liRd is the current measured on the Rogowski coil
at position 1, ID is the current measured on the diode current monitor,
and VD is the voltage measured on the diode voltage monitor.
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K _ 20 r
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- 0
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Figure 8 -Faraday cup current measurements
for an electron beam propagating within the

front of the Faraday cup to reduce its sensitive
area. (a) is the current measured on the Ro-
gowski coil at position 1 (coil diameter - 14
cm), (b), (c), (d), and (e) are the currents
measured on the Faraday cup with apertures of
8.9 cm, 5.1 cm, 2.5 cm, and 1.0 cm respective-
ly.
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Figure 9 - Reduced current density distributions for an electron
beam propagating within the coaxial current return screen. A is the
measured distribution at t -30 na, B is the measured distribution
at t - 70 ns, C is a Bennett distribution containing the same totalI current as A, the Bennett radius is 1.4 cm. The reduced current
density is J(rt)/1(t) where J(rt) is the current density and 1(t) is
the total current;. 1(30) - 29 kA, and A(70) - 36 kA.
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VD (MV)

ID(KA) 24 (a
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Figure 12 - Electrical parameters for the "frcely" propagating electron
beam in air. VD is the voltage measured on the diode voltage monitor,
ID is the current measured on the diode current monitor, 'Atc is the
current measured on the Rogowski coil, (a) with the coil 15 cm from the
anode foil, and (b) with the coil at the anode foil.
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4344 N2 2P(0-4)
__________________4278 N I N(0.1)

4270 N2 2P(1-5)
4201 N2 2P(2-6)

4142 N2 2P(3-7)

4059 N2 2P(0.3)
3998 N2 2P(1.4)

____________________3943 N2 2P(2-5)

3914 N 1N(0.0)

3805 N2 2P(0.2)
___________________3756 N 2 2P(1.3)

____________________3711 N 2 2P(2-4)
3672 N2 2P(3-5)
3577 N2 2P(0.1)

___________________3537 N 2 2P(1.2)

3501 N2 2P(2-3)

____________________3371 N 2 2P(0.0)

3339 N2 2P(1 .1)
3309 N2 2P(2-2)

____________________3285 N 2 2P(3-3)

3159 N2 P(1.0)

3136 N2 2P(2-1)

3117 N2 2P(3-2)

Figure 13 -The spectrum of the visible emissions from the in-
tense electron beam propagating in the atmosphere. The
wavelength resolution was 10 X and the intensity distribution per-
pendicular to the wavelength axis represents the intensity distribu-
tion across a diameter of the electron beam -7 cm from the anode
foil with the total width of the photographic (black) image being 10
CM.
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Figure 14 - The time dependence of the visible emissions from the intense electron
beam propagating in the atmosphere. ID is the current measured on the diode current
monitor, 'PMj is the measured photomultiplier current (a) at X 3371 A (N22P (0-0)],
and (b) at kL 3914 AO (N2+ IN (0-0)]. The photomultiplier 'saW' the whole beam di-
ameter at -3 cm from the anode foil.
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Figure 16 - Electrical parameters for the electron beam pass-
ing through a I cm aperture. V0 is the voltage measured on
the diode voltage monitor, ID is the current measured on the
diode current monitor, and 'RC is the current measured on the
Rogowski coil placed next to and on the atmosphere side of the
carbon aperture.
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Figure 17 - Measured and calculated currents for the electron
beam propagating "freely" in the atmosphere.

Top: 0 points read from the measured diode current
-a simple straight line model for the measured diode current.

Bottom: 0 points read from the measured net current 15 cm from the foil.
x points read from the measured net current at the anode foil.

(Net currents are measured with the Rogowski coil.)
- calculated net current excluding N4,.

- - - - calculated net current including N4'.
Net currents are calculated using the simple lumped parameter cir-
cuit model of the propagating beam and the CHMAIR code2' for air
chemistry.
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lb

Ip '1w

I P 1W

Figure 18 - A simple lumped parameter circuit model for a "freely" propagating elec-
tron beam. The generator is represented by a current source with current Ib which is
the beam current. The conducting channel in the atmosphere created by the beam is
represented by a resistive path back to the current source which carries the plasma
current I4. The remainder of the current 1,, returns to the current source via the con-
ducting screen around the box in which the beam is propagating or via deflections of
the beam back towards the generator. These paths are mostly inductive because of the
large radii involved.
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Figure 19 - Properties of air plasma created by the passage of the beam at -20 cm from the anode
foil as calculated using the CHMAIR air chemistry code. n,. is the electron density, T, is the electron
temperature, and Tg is the gas kinetic temperature.
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Figure 20 - Xray absorption and transmission curves.
transmission of air at S.T.P.

- - -absorption Of CaP2.
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